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Introduction

26
Approximately 5% of the global transportation demand is met by biofuels, and biomass is set 27 to play an increasingly important role in reducing transport related CO 2 emissions. Currently,
28
the majority of biofuels used for transportation are derived from food crops; this has raised 29 fears of increasing food prices and causing food shortages. There are also concerns with the 30 environmental impacts of using large quantities of fertilizers and pesticides to cultivate 31 certain energy crops (IEA, 2011).
32
Biofuels can be obtained from fast-growing non-food crops, agricultural residues and other 33 waste feedstock. These fuels are often referred to as second-generation biofuels, and they are 34 generally considered more sustainable and environmentally friendly. However, producing 35 second-generation biofuels involves more complex and energy intensive conversion 36 processes. Whilst a significant amount of research has been carried out on the use of first-37 generation biofuels for transportation, research on second-generation fuels is more limited.
38
There is a range of biochemical and thermochemical processes for converting waste biomass whilst still offering environmental benefits in comparison to fossil fuels.
86
In the following section, the method adopted for this study is outlined and the pyrolysis 87 upgrading scenarios are defined. Gathered LCA inventory data, including possible ranges in 88 values, are presented in Section 2.2. The LCA results are outlined and discussed in Section 3. 
Materials and methods
95
Different bio-oil upgrading methods are initially reviewed to identify the most promising 96 combination of processes to pursue. An outcome from this is six scenarios to be analysed and 97 compared in terms of their environmental impact.
98
A life cycle assessment of each scenario is performed using GaBi Professional with the 99 integrated Ecoinvent database. A well-to-wheel analysis is adopted to consider all the 100 resource inputs and outputs from biomass cultivation to fuel combustion in a vehicle. The
101
LCA system boundary also includes biomass transportation, biomass preparation, an 102 integrated bio-oil production and upgrading plant, and fuel transportation (see Figure 1 ). The
103
functional unit used to compare the alternative scenarios is one kilogram of upgraded fuel.
104
One mega joule of energy content of the upgraded fuel is not used due to the uncertainties of 105 fuel quality in certain scenarios, but conversions are made where data is available.
106
To enable the alternative upgrading scenarios to be compared, a fixed feedstock and pyrolysis Table 1 . 
Inventory data
189
The inventory data gathered and used for modelling each stage of the system is now outlined.
Feedstock cultivation, collection and transport
191
The inventory data associated with corn cultivation depends on the assumed soil conditions should be considered in specific site evaluations.
210
The energy requirement for cutting, baling, field transport and on-site storage of the stover 
287
Hydrotreating pyrolysis oils obtained from corn stover using an Ru/C catalyst can achieve a 
318
The electricity requirement largely depends on the assumptions made regarding processing 
Transportation and distribution of biofuel
326
The biofuel transportation and distribution was assumed to be via a 9.3t payload 
329
A summary of the inventory data is given in Table 2 . 
Results and discussion
331
The expected carbon dioxide equivalent emissions associated with the production (well-to- in scenario 6, whereas, in scenario 1, only 3.8 kg of corn stover is required.
366
Further details on the downstream use of the various by-products from the different 367 processing stages are required to give a more accurate representation of the net emissions. can be applied to account for the offset fossil fuel requirement; however, the use of electricity 374 is more practical.
375 Figure 4 shows the CO 2e emission contributions from the use of electricity, hydrogen, Interestingly, the fossil ADP value is also higher than diesel fuel in scenarios 2-6, which is 421 caused by the increased hydrogen consumption in the more advanced upgrading processes. by-products to produce hydrogen is a more promising option (Dang, Yu and Luo, 2014).
429
Future LCA studies on synthetic fuels must consider the wide range of environmental 430 impacts that occur during the production of synthetic fuels, as many negative environmental impacts increase in comparison to the diesel and petrol production processes. In further work,
432
the materials used in system construction could also be taken into account. Different between environmental impact, cost and product quality has to be made. 
Conclusion
442
This study identifies that favourable CO 2e emission reductions can be achieved by using Table 2 : LCA inventory data for the production of synthetic fuels via fast pyrolysis and 469 upgrading. Upgrading scenario Summary
470
Hydrotreating and hydrocracking
The minimum amount of processing required to obtain a transportation fuel; however, oxygen content is high.
Esterification, hydrotreating and hydrocracking
Using esterification prior to hydrotreating and hydrocracking can improve stability and reduce catalytic deactivation and acidification.
3. Esterification, ketonisation, hydrotreating and hydrocracking Esterification and ketonisation improve stability and neutralise carboxylic acids.
Two-stage hydrotreating and hydrocracking
Two-stage hydrotreating can further reduce bio-oil oxygen content.
Esterification, two-stage hydrotreating and hydrocracking
Reducing acidity and improving stability of a bio-oil prior to hydrotreating will improve reliability and potentially reduce hydrogen consumption.
6. Esterification, ketonisation, two-stage hydrotreating and hydrocracking
The most comprehensive combination of upgrading processes to produce a stable biofuel with a low oxygen and acidic component content. 
Feedstock cultivation and collection
Min
